Background/Aims-Fulminant hepatic failure (FHF) can be dreadful. When coma sets in, brain edema develops taking FHF into a lethal course. Mechanisms of brain extravasation leading to brain edema remain incompletely understood. Matrix metalloproteinase (MMP)-9 is implicated in various brain injuries. We hypothesized that MMP-9 contributes to brain edema in FHF.
Introduction
Fulminant hepatic failure (FHF) or acute liver failure is a clinical syndrome associated with massive hepatocellular necrosis and severe dysfunction of the liver in the absence of previous liver disease [1, 2] . In early stages, patients may recover spontaneously. However, when stages III and IV of encephalopathy (comatose stages) set in, brain edema occurs, taking the disease into a lethal course [3] [4] [5] [6] . Brain edema remains a main determinant of the outcome in FHF [4, [7] [8] [9] . Fundamentally, brain edema in FHF results from compromised blood-brain barrier (BBB) permeability, leading to increased brain extravasation of water and other small molecules [4, 6, 10] . Although the cytotoxic mechanism has been extensively studied in FHF, the mechanisms for increased brain extravasation and edema remain incompletely understood.
Matrix metalloproteinase-9 and -2 (also known as gelatinase B and A, respectively) belong to the matrix metalloproteinase (MMP) family. Collectively, the 25 MMPs are important regulators of the extracellular matrices in physiologic and pathologic processes [11, 12] . Similar to other MMPs, MMP-9 is precisely controlled at the transcription level, at the extracellular activation of the proform to active form MMP-9, and by the tissue inhibitor of MMP (i.e. TIMP). The proteolytic enzyme is secreted as an inactive zymogen (i.e. proMMP-9). The presence of active MMP-9 indicates ongoing tissue remodeling and potential injury [11, 12] . MMP-9 has been implicated in various CNS injuries including multiple sclerosis [13] , infectious encephalitis [14, 15] , brain ischemia or stroke [16, 17] , and traumatic brain injury [18] . When MMP-9 knockout mice were subjected to cerebral ischemia or trauma, brain extravasation and edema and neurologic deficits were significantly attenuated [19] [20] [21] . Inhibition of MMP-9 using the prototype MMP inhibitor BB-94 or a MMP-9 inhibitory monoclonal antibody showed similar protective effects [20, 22] . In contrast, MMP-2 gene deletion failed to protect against cerebral ischemic injury [23] . These studies suggest that brainderived MMP-9 plays a key role in brain extravasation and edema in CNS injuries.
We hypothesized that MMP-9 plays an important role in the pathogenesis of brain extravasation and edema in FHF. In this study, we present evidence that MMP-9 in systemic circulation, most likely derived from the injured liver, contributes to the development of increased brain extravasation and edema observed in experimental FHF mice.
Materials and methods

Animals
Male C57BL/6J mice (Jackson Laboratory), 10-14 weeks old, were housed in a conventional mouse room with 12-h light/dark cycles, food and water. The use of animals was institutionally approved in accordance with The National Institute of Health Guide for the Care and Use of Laboratory Animals.
Fulminant hepatic failure model in mice
FHF was induced with an intraperitoneal injection of azoxymethane (AOM) (Sigma, St. Louis, MO) at 50 μg/g of body weight [24] . The progression of hepatic encephalopathy was determined clinically [24] : Stage I, mild ataxia and decreased movements; Stage II, increased ataxia and lethargy; Stage III, coma with righting and extremity reflexes present; Stage IV, comatose with loss of extremity reflexes. Loss of corneal reflexes indicated brain herniation [24] . A solution of 10% dextrose in 0.25% normal saline was given 0.5 ml/mouse every 8 h during the comatose stages to maintain euglycemia and intravascular volume [24, 25] .
In our study, Stages I and II were referred as precoma, and Stages III and IV as comatose. The initial characterization of FHF included a total of 40 AOM-treated mice (N=10 per encephalopathy stage). The normal control group included 10 mice that were injected with saline. Blood was collected for ALT (Biotron Diagnostics, CA) and SDS-PAGE gelatin zymography, and liver for histology.
SDS-PAGE gelatin zymography
This assay detects both gelatinases, MMP-9 and MMP-2, and their proforms [26, 27] . Twenty μmg of samples were electrophoresed at 4 °C in 10% SDS-PAGE containing 1 mg/ml of gelatin (BioRad). Two ng of mixture of MMP-9, MMP-2, and their proforms (Chemicon) were used as standards. The gels were processed, incubated at 37 °C for 40 h, fixed, and stained with 0.5% Coomassie Blue R-250. The gelatinase activity presented as clear bands against a blue background. The bands of activity were quantitated using ImageQuant.
Evans blue (EB) extravasation in brains of FHF mice
EB has been widely used to assess brain extravasation [21, 28] . To assess the presence and extent of brain extravasation in FHF, normal control, FHF precoma, and FHF comatose mice (N=10 per group) were injected intravenously with 4 ml/kg of EB 2% (w/v) solution. Thirty minutes later, the mice were killed with Nembutal overdose. The brains were dissected, photographed, and processed for spectrophotometric quantitation [21] . One-mg brain sections were homogenized in 250 μl of PBS. The brain homogenates were combined with equal volumes of 60% trichloroacetic acid, vortexed, and centrifuged for 5 min at 10,000 g. Absorbance readings of the supernatants were measured at 620 nm. EB extravasation was expressed as ng per mg of brain tissue.
Brain water determination using specific gravity method
This method has been widely used [29] [30] [31] . The cortex was removed and stored on an anhydrous tray at 4 °C. One-mm specimens of the gray matter were carefully placed in a precalibrated bromobenzene-kerosene density gradient column, and the equilibrium position was recorded after 2 min [29, 30] . All the gradients used were linear with correlation coefficients ≥0.998. The conversion from specific gravity to brain water was performed as described [31] . Eight measurements were made per cortex.
Experimental protocol
To examine the effects of MMP-9 inhibition on brain extravasation and edema, GM6001 and a specific MMP-9 monoclonal antibody were employed. GM6001 is a broad-spectrum hydroxamate-based MMP inhibitor with IC 50 of 0.2 nM against MMP-9. GM6001 was prepared as previously described [32] and administered intraperitoneally at 2 mg/mouse every 12 h for three doses starting 12 h after AOM induction. A MMP-9 monoclonal antibody (Oncogene, clone 6-6B) that specifically inhibits MMP-9 activity was administered intravenously at 3 mg/kg [22] at 12 and 24 h following the AOM injection. Control IgG with no immunoreactivity to MMP-9 was administered at equivalent dosages and times.
The study groups included the normal control, FHF mice that received either the vehicle or control IgG, and FHF mice that received GM6001 or MMP-9 mAb. There were 10 animals per group. At the comatose stages, FHF mice were killed with Nembutal overdose. Control mice were killed at the same time.
The brain extravasation was evaluated by gross examination and EB spectrophotometric quantitation. Brain edema was assessed by brain water measurements using specific gravity.
Since EB can be visualized as bright orange under fluorescent microscopy [33] , fluorescent microscopy was used to confirm the EB brain extravasation. Similarly, brain edema was evaluated by assessing astrocytic endfoot swelling, a well recognized feature of brains of FHF patients and animals [24, 34, 35] , by electron microscopy. For each of these purposes, three normal control, three FHF mice treated with vehicle, and three FHF mice treated with GM6001 were used.
To examine the expression of MMP-9 activity and mRNA in different organs, three control, six FHF precoma, and six FHF comatose mice were perfused systemically with 50 ml of saline. Brains and livers were taken and processed for in situ gelatin zymography and RT-PCR assay.
In situ gelatin zymography
In situ gelatinase activity was assayed on 10-μm cryostat sections [26, 36] using EnzChek Gelatinase kit (Molecular Probes, E-12055). Sections were incubated with 20 μg/ml of DQ gelatin fluorescein-conjugate (Molecular Probes, D-12054) in reaction buffer for 2 h at 37 °C. Gelatinase activity was visualized using fluorescent microscopy (Olympus BX50, Japan) and MCID/M5 (Imaging Research, Ontario, Canada).
RT-PCR assay for MMP-9
RNA from 30 mg of liver and brain tissues were extracted using a RNesay kit (Qiagen). RT-PCR reactions were carried out using Ready-To-Go RT-PCR kit (Amersham). For reverse transcription of MMP-9, 50 ng of brain or liver RNA were used. For β-actin, 0.25 ng of brain and liver RNA were used. Conditions for reverse transcription were: 42 °C for 45 min followed by 5 min at 95 °C. PCR amplification conditions were: 95 °C for 2 min and then 30 cycles at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. The conditions and number of cycles were determined so that the PCR was within the exponential range of amplification. Forward and reverse primers for MMP-9 were 5′-AGACGACATAGACGGCATCC-3′ and 5′-GCCCTGGATCTCAGCAATAG-3′ (IDT, amplified product length 343 base pairs), respectively. Forward and reverse primers for β-actin were 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′ and 5′-TGGAATCCTGTGGCATCCATGAAAC-3′ (IDT, amplified product length 349 base pairs), respectively. Amplified products were resolved in 2% agarose gels and the intensity of the band was quantitated using ImageQuant. The results were expressed as ratios of MMP-9 to β-actin.
Statistical analysis
Results were expressed as mean ± SEM. Statistical comparisons were performed using the ANOVA followed by two samples t-tests with a Bonferroni adjustment. A P value less than 0.05 was considered statistically significant.
Results
Fulminant hepatic failure in mice
Previously, we showed that serum proMMP-9 and active MMP-9 were increased in comatose FHF patients [37] . To investigate the potential role of MMP-9 in FHF, we employed a mouse model that bears close resemblance to human FHF [1, 24] . Consistent with previous reports [24, 38] , FHF mice displayed a reproducible progression of clinical manifestations, serum ALT (Table 1) , and hepatocellular necrosis (not shown). Control mice remained normal.
EB has been widely used to assess brain extravasation [21, 28, 33] . Under normal conditions, EB would not stain the brain parenchyma. Accordingly, no EB staining was observed in the brains of control mice. There was minimal brain staining in precoma FHF mice (Fig. 1A) . In contrast, consistent with previous reports [38, 39] , brains of comatose FHF mice showed diffuse EB extravasation on gross inspections reflecting a compromised BBB (Fig. 1A) . Spectrophotometric quantitation showed significant increase in brain EB in comatose FHF mice as compared to the precoma FHF and control mice (9.9±0.8 versus 4.2±0.3 and 4.6±0.4 ng/mg of brain tissue, respectively; N=10; P<0.0001). Light and electron microscopic examinations showed intact BBB in FHF animals (not shown), consistent with previous findings in humans and animals with FHF [34, 35, 40] . These results substantiated the increased brain extravasation in FHF due to compromised BBB permeability in absence of obvious structural BBB changes.
Increased active MMP-9 at the onset of brain extravasation in comatose FHF mice
When sera were assayed by SDS-PAGE gelatin zymography, we found a significant increase of the inactive zymogen proMMP-9 in precoma and comatose FHF mice (Fig. 1B) . These findings were similar to previous reports in experimental FHF [26, 41] and other liver diseases [42] [43] [44] [45] . However, these studies did not show the presence of active MMP-9 in the systemic circulation. In contrast, we found an increase of the active MMP-9 at the onset of increased brain EB extravasation in comatose FHF mice (Fig. 1B) when compared to precoma FHF and control mice (19.6±1.9 versus 14.9±3.7 and 11.2±1.9 pg/μg of serum protein; **P=0.013; N=8). The difference between the FHF precoma and normal control was not significant (*P=0.496). In our study, although serum proMMP-2 was increased, no active MMP-2 was observed (not shown).
MMP-9 inhibition attenuates brain EB extravasation, brain water, and astrocytic swelling in FHF mice
To demonstrate a direct role of MMP-9, we blocked the MMP-9 activity using a broadspectrum MMP inhibitor GM6001 [46] and an inhibitory MMP-9 mAb [22] . Previous works showed that GM6001 administrations at equivalent doses produced a level of 50 nM or higher in 24 h in plasma [32] , and a concentration greater than 200 nM in cerebrospinal fluid [46] . In our lab, we determined that a 50 nM of GM6001 inhibited 85% of MMP-9 activity in vitro (not shown).
We observed that the diffuse brain EB extravasation in FHF comatose mice was markedly attenuated by GM6001 and MMP-9 mAb, as shown on gross examination ( Fig. 2A) . Spectrophotometric quantitation showed that GM6001 and MMP-9 mAb reduced the EB extravasation by 32 and 42%, respectively, as compared to the FHF animals that were treated with vehicle or control IgG (*P<0.001; N=10). These results concurred with previous reports that demonstrated the role of MMP-9 in focal brain ischemic injury using MMP-9 mAb [22] and the MMP inhibitor BB-94, the prototype of GM6001 [20] . Both GM6001 and inhibitory MMP-9 mAb had equivalent reductions in the brain EB extravasation, suggesting that MMP-9 contributed to the development of brain extravasation in FHF.
Treatment with either GM6001 or MMP-9 mAb did not change the levels of ALT or the extent of hepatocellular necrosis in FHF mice (not shown), indicating that the liver failure process was not altered by MMP-9 inhibition. The previous use of MMP-9 mAb did not show an alteration in the body temperatures of the study animals [22] . Furthermore, the administration of the inhibitor GM6001 did not alter the body temperature of the study animals (not shown), indicating that the protective effect of the MMP-9 inhibition was not due to hypothermia [40] .
Fluorescent light microscopy has been recently used to demonstrate vascular leakage and brain capillary extravasation due to increased BBB permeability [33] . EB extravasation into brain parenchyma in FHF mice was confirmed with fluorescent light microscopy (Fig. 2B) . Treatment with GM6001 significantly reduced the brain EB extravasation in FHF mice (Fig.  2B) .
We found significant swelling of the astrocytic endfoot processes in brains of comatose FHF mice (Fig. 2C ). When treated with GM6001, the astrocytic swelling in FHF mice was significantly diminished (Fig. 2C) . The brain edema was determined by measuring brain water content with the specific gravity method [29] [30] [31] . Treatment with GM6001 or MMP-9 mAb significantly reduced the brain water in FHF mice by 18% (*P<0.001 in Fig. 2D ). Collectively, MMP-9 inhibition significantly attenuated the brain extravasation as determined by gross inspection, spectrophotometric quantitation, and confirmed with fluorescent microscopy. It also significantly reduced the brain water as measured by specific gravity method and confirmed by electron microscopic evaluation.
MMP-9 is predominantly up-regulated in FHF liver
Since MMP-9 inhibition attenuated brain extravasation and edema, we aimed to determine whether the MMP-9 activity is derived from the brain itself. It is well recognized that gelatinases (i.e. MMP-9 and MMP-2) are up-regulated in ischemic brains [17, 21, 47] . Using in situ gelatin zymography, we confirmed that gelatinase activity in the brain parenchyma increased significantly following 1 h of carotid artery clamping (Fig. 3A) . In contrast, we found no gelatinase activity in the brains of FHF mice (Fig. 3B) . The sham control brain showed background activity. No gelatinase activity was observed in the livers of these ischemic brain animals (data not shown). We also did not observe any up-regulation of gelatinase activity in the lungs or kidneys of FHF animals (data not shown). These results showed that the brain was not likely to be the source of serum MMP-9, and the circulating MMP-9 was not likely to permeate into the brain parenchyma in FHF mice.
On the other hand, the liver sections from FHF mice showed marked gelatinase activity as compared to livers from control animals (Fig. 3C) . The precoma FHF livers had significantly more activity than the comatose ones (Fig. 3C) . Increased hepatocellular necrosis probably was the reason for the observed reduction of liver gelatinase activity in the comatose stage. Since this assay does not discriminate between the two gelatinases, MMP-9 and MMP-2, GM6001 and MMP-9 mAb (the same mAb that was used in the in vivo study) were added to the incubation buffer. Greater than 80% of the gelatinase activity in the FHF livers was inhibited by GM6001 and MMP-9 mAb (Fig. 3D ). This pattern of inhibition suggested that the gelatinase activity in the FHF livers was predominantly proMMP-9 and MMP-9.
The results suggesting that circulating MMP-9 is derived from the liver received further support by RT-PCR assays that showed (i) 8-fold up-regulation of MMP-9 mRNA in the livers of FHF mice above the normal control; and (ii) no significant difference in MMP-9 mRNA levels in the brains of FHF mice as compared to normal control mice (Fig. 3E ).
Discussion
Brain edema has long been recognized in FHF [48] . Although cytotoxic mechanisms of brain edema in FHF have been extensively investigated, the role of proteolytic factors such as MMP-9 has not been examined. The involvement of MMP-9 may suggest a vasogenic mechanism [35, 49] . Vasogenic edema is defined as increased brain water secondary to a compromised BBB [49] . Traditionally, vasogenic brain edema equates to a structural breakdown of BBB as in traumatic and ischemic injuries [50] . Instead, the BBB in FHF remains structurally intact. Under gross examination and light microscopy, the brains of FHF subjects are normal. Under electron microscopic evaluation, only subtle ultrastructural changes have been observed [34, 35, 40, 51] . Evidence of vasogenic mechanism in FHF is lacking.
There is abundant experimental evidence that brain-derived MMP-9 mediates BBB alterations in ischemic brain injury. However, we found no up-regulation of gelatinase activity in the brains of FHF animals. Instead, we found significant increase in the active MMP-9 and proMMP-9 in the systemic circulation of FHF animals. In addition, there was a marked upregulation of MMP-9 in the livers, not in kidneys, heart, or lungs of the FHF animals. These results collectively suggest that the liver is likely to be the main source of proMMP-9 and active MMP-9 in the systemic circulation in FHF mice. Our findings are consistent with the concept that the necrotic liver is the source of soluble factors that influence the BBB integrity [4, 6, 52, 53] . We speculate that proMMP-9 released into the circulation may be subsequently activated, resulting into active MMP-9. The presence of active MMP-9 suggests potential injury to the BBB. Although the exact mechanism requires further investigation, the alterations induced by MMP-9 and potentially by other factors must be very subtle and selective. Previous works show that BBB in FHF is permeable to small molecules like inulin and sucrose [51] but is impermeable to microperoxidase (1900 Da) and horseradish peroxidase (42,000 Da) [40] , with intact tight junctions [40, 51] . Therefore, MMP-9 is much larger and thus unlikely to permeate across BBB. The findings by in situ gelatin zymography confirm the absence of MMP-9 in FHF mouse brains. Therefore, it is likely that MMP-9 in the circulation induces a fine perturbation in BBB integrity that results in increased brain extravasation and edema in FHF.
The use of AOM in experimental FHF raises the question of whether AOM may affect BBB integrity. It has been shown that AOM may up-regulate p53 genes in ischemic brain injury [54] , which may lead to increased MMP-2 expression [55] . In our study, we do not see an increased expression of MMP-2 or MMP-9 activity in the brain of FHF animals. Most importantly, there is minimal brain EB extravasation seen in the precoma phases of FHF when the concentration of AOM is at the highest. In fact, the EB extravasation (i.e. BBB altered permeability) is apparent only in the comatose stages of FHF. This is consistent with the clinically established notion that brain edema occurs only when the coma sets in [3, 5, 48] . Moreover, brain endothelial cells and BBB appear structurally intact under electron microscopic examinations in our study, and a previous report did not show toxicity of AOM to endothelial cells [56] . Thus, collectively, the BBB permeability as measured by EB extravasation in this study does not seem to be influenced by AOM.
In conclusion, we have provided evidence that MMP-9 contributes to the development of brain extravasation and edema in FHF. The injured liver, not the brain, is the likely source of the circulating MMP-9 in FHF. These findings are novel since they provide the first evidence of a vasogenic mechanism in the pathogenesis of brain edema in FHF. However, the exact mechanism of action of MMP-9 on BBB remains to be further studied. Advanced understanding of brain edema in FHF is pivotal for effective strategies to successfully treat this lethal complication. Increased active MMP-9 activity in systemic circulation of FHF mice. (A) Increase in brain Evans blue (EB) extravasation in comatose FHF mice. Brains from control and FHF animals were harvested after intravenous injection of EB. The brains of comatose mice had marked blue staining while brains from control and precoma FHF mice showed baseline EB staining. Extravasated brain EB was quantitated spectrophotometrically and expressed as ng/mg of brain tissue. The FHF comatose mice had significantly increased EB extravasation (**P<0.001) while FHF precoma did not (*P>0.05) versus the control. (B) Elevation of the active MMP-9 at the onset of increased brain extravasation. Sera from control and FHF animals were assayed by SDS-PAGE gelatin zymography. ProMMP-9 was significantly elevated in the comatose FHF mice as compared to precoma FHF and control animals. The active MMP-9, indicated by triple arrows, was significantly increased at the onset of brain extravasation and coma (**P=0.013). On the other hand, the increase in proMMP-9 and MMP-9 in precoma FHF mice was not significant (*P=0.496). These activities were abolished by GM6001 or by EDTA (data not shown). Up-regulation of liver MMP-9 in FHF mice. (A) Gelatinase activity in ischemic brain. When an ischemic brain was assayed using in situ gelatin zymography, there was a marked upregulation of gelatinase activity in the ischemic brain. (B) Absence of gelatinase activity in the brains of FHF mice. In contrast, the brains of FHF mice did not show any gelatinase activity and appeared the same as control brains. (C) Up-regulation of gelatinase activity in FHF livers. Livers of FHF mice showed marked up-regulation of gelatinase activity, with the highest in the precoma stages and decreased levels in comatose stages, probably due to the loss of hepatocytes. Livers from the control animals did not show any detectable gelatinase activity. Observations at high magnification showed that the gelatinase activity was concentrated mostly in the hepatocytes in precoma FHF mice. (D) Liver gelatinase activity is inhibited by GM6001 and MMP-9. The gelatinase activity in the FHF livers was significantly reduced by either GM6001 or specific inhibitory MMP-9 mAb, suggesting that most of the gelatinase activity is due to MMP-9 and not MMP-2. (E) MMP-9 mRNA is elevated in the liver of FHF mice. The mRNA levels of MMP-9 in brains of FHF mice were not significantly elevated as compared to the normal control (#P=0.46). On the other hand, MMP-9 was markedly up-regulated in the livers of the FHF mice (*P<0.003).
